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Abstract
Our visual system matches images from both eyes to establish a single view and stereo depth even when they contain a certain
amount of vertical disparity. This paper demonstrates a new stereo eﬀect showing an aspect of vertical disparity processing. When
oblique lines without disparity are overlaid with sparse random dots with vertical disparity, the lines look closer or farther in depth.
The characteristics of this stereo illusion were experimentally investigated. The results showed that the sign of the perceived depth of
the oblique lines depended on the combination of the line orientation and the vertical disparity sign, and that the amount of per-
ceived depth became larger as the line orientation became more horizontal. The depth illusion robustly existed even under conditions
that ruled out eye movements (i.e., vertical vergence and cyclovergence) by local-parallel or brief presentations of the stereo ﬁgures.
This phenomenon suggests that the visual system locally measures vertical disparity and is not simply tolerating a small amount of
vertical disparity. Stereo capture of vertical disparity and horizontal matching after vertical image shifts were proposed as possible
explanations for the depth illusion.
 2004 Elsevier Ltd. All rights reserved.1. Introduction
Our visual system matches images from both eyes to
establish a single view and stereo depth (Howard &
Rogers, 1995; Julesz, 1971; Wheatstone, 1838). Horizon-
tal disparities between the two eyes are used as a depth
cue. Although the stereo system can match images con-
taining small vertical disparities (Duwaer & van den
Brink, 1981; Nielsen & Poggio, 1984; Stevenson &
Schor, 1997), the contribution of vertical disparity to
stereo depth was considered as small (Cumming, John-
ston, & Parker, 1991; Westheimer, 1984). Recently,
though, vertical disparity has been proved to eﬀectively
contribute to surface-slant perception when a vertical0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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E-mail address: ito@design.kyushu-u.ac.jpdisparity gradient is presented with a reference plane
(Howard & Kaneko, 1994; van Ee & Erkelens, 1995).
This paper describes a stereo eﬀect that shows a new
aspect of vertical disparity processing and proposes pos-
sible explanations for the eﬀect. Fig. 1 shows the basic
eﬀect and a schematic illustration of the stereo stimuli
tested here. In this ﬁgure and throughout this paper,
when a right-eye image is higher in the visual ﬁeld than
the corresponding left-eye image, the vertical disparity
sign is deﬁned as positive. On the other hand, when a
left-eye image is higher in the visual ﬁeld than the corre-
sponding right-eye image, the vertical disparity sign is
deﬁned as negative. That is, the dots in the second row
in Fig. 1 have positive (negative) vertical disparity in
the lower (upper) part. When oblique lines without dis-
parity and sparse random dots with vertical disparity are
presented simultaneously and fused binocularly, the ob-
lique lines look closer or farther in depth whereas the
dots do not. When the dots are observed alone, they
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Fig. 1. The free-view stereograms of the present eﬀect. The ﬁrst row is a control without disparity, looking ﬂat. For the second, third, and fourth
rows, a ‘‘crossed-eye’’ person should use left and center panels and an ‘‘uncrossed-eye’’ person should use center and right panels for stereo viewing.
The second row shows the present eﬀect. The lines without disparity look closer than the cross and the dots and the depth is similar to the third row
that includes real horizontal disparity of the lines. The fourth row shows that the horizontal dot disparity does not produce the present eﬀect.
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However, the eﬀect of vertical dot disparity appears as
illusory depth in the lines. The depth impression of the
present eﬀect (the second row in Fig. 1) is quite similar
to that of lines with horizontal disparity overlapped with
dots without disparity (the third row in Fig. 1). When
the dots have a horizontal (not vertical) disparity, the
dots are seen in depth, yet they do not induce depth in
the lines (the fourth row in Fig. 1). Ito (2000) presented
oblique lines without disparity and dots with disparity in
the same orientation as that of the lines. The oblique
lines appeared to bend in depth according to the gradi-
ent of the oblique dot disparity. An eﬀect of vertical dis-
parity of the dots on the perceived depth of oblique lines
has also been reported in a Pulfrich display (Ito, 2003).
Moving oblique lines were presented under Pulfrich con-
ditions, where the perceived motion direction of the lineswas controlled by moving random dots. When the dots
moved vertically, the Pulfrich depth of the oblique lines
disappeared.
As for a possible explanation of the present eﬀect (the
second row in Fig. 1), at ﬁrst, I conjectured that eye
movements produced the phenomenon (vergence
hypothesis). Vertical disparity sometimes indicates a
misalignment of the eyes in a vertical dimension. In this
case, vertical vergence may occur to compensate for the
vertical misalignment of the both-eye images on the ret-
ina. When vertical vergence occurs to compensate for
the vertical disparity of the dots as shown in Fig. 2,
though, it may introduce a new vertical disparity for
the oblique lines as a result. However, the disparity
direction of the oblique lines is ambiguous (the aperture
problem in stereopsis Morgan & Castet, 1997). That is,
the induced disparity may include a horizontal disparity
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Fig. 2. The ‘‘vergence hypothesis’’. The left panel shows the original
conﬁguration of the stimulus. Here the dot has negative vertical
disparity. The right panel shows the vergence hypothesis. Vertical
vergence shifts the whole image to cancel the vertical dot disparity. As
a result, newly induce vertical disparity (IVD in the ﬁgure) was
introduced for the oblique lines. The stereo matching direction may lie
between the horizontal and the nearest neighbor direction. The stereo
matching may include an induced horizontal disparity component
(IHD).
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que, not vertical (van Ee & Schor, 2000). Therefore, the
vertical vergence could have induced the lines depth.
Cyclovergence could also have produced disparity for
the oblique lines. The global rotation in the opposite
directions for both-eye images could have produced ver-
tical or horizontal disparity in both signs that depend on
the direction of eye rotation and the retinal position
of the image. van Ee and van Dam (2003) showed that
the stereo system did not use eye-rotation information
for modifying a stereo matching direction even if cyclo-
vergence occurs. That is, the stereo matching process
only depends on a retinal coordinate without compensa-
tion for eye rotation. Following this, in addition to the
induced horizontal disparity, the induced vertical dis-
parity may have produced a horizontal disparity compo-
nent through oblique stereo matching.
To carefully test the vergence hypothesis, two tech-
niques were incorporated. One was a parallel presenta-
tion of test images as described in Section 2. Each
quadrant of the visual ﬁeld included a vertical disparity
of a diﬀerent sign (positive or negative). As vertical ver-
gence or cyclovergence produces a global image shift or
rotation, respectively, it is impossible for an eye to shift
or rotate the retinal images locally in opposite directions
at the same time. Thus, local independency of the eﬀect
would deny the vergence hypothesis. The other technique
used for testing the vergence hypothesis was brief presen-
tation of the test images, with durations too short to per-
mit eye movements (e.g., 67ms in Experiments 1 & 2).2. Demonstration
Two stereograms were produced, each of which in-
cluded four stimulus patches and a central ﬁxation crossas shown in Fig. 3a and b. In the ﬁrst stereogram (Fig.
3a), top-left and bottom-right patches included positive
vertical disparity of the dots, while the top-right and
bottom-left patches included negative disparity. This
conﬁguration was balanced in the disparity direction,
i.e., eﬀective to prevent a vertical vergence from occur-
ring. If a vertical vergence occurred, all of the lines in
the four patches should be seen at the same depth (closer
or farther) at the same time, because the line orientation
was the same for all lines. On the other hand, if top-right
and bottom-left lines appeared closer and the others
looked farther at the same time, it would indicate that
the stereo eﬀect arose locally. The line orientation was
30deg in a counter-clockwise direction from the hori-
zontal. Observers viewed the ﬁgures in an anaglyph ver-
sion of the ﬁgures and verbally reported their depth
impression.
Twenty four people (who attended the annual meet-
ing of the Association for Research in Vision and Oph-
thalmology, 2001) observed the stereo ﬁgures. Eighteen
observers answered that top-right and bottom-left lines
were closer and the others were farther. Three observers
answered that top-right and bottom-left lines looked
closer than the cross and the other lines, but that they
were not sure whether the other lines looked farther
than the cross or not. No one reported that all the
lines in the four patches were at the same depth.
Although the perceived depth in each patch tended to
indicate its sign in accordance with the vergence hypoth-
esis, the assumed vertical shift directions were deter-
mined independently in each quadrant, i.e., the eﬀect
was a local phenomenon.
The second stereogram consisted of lines and dots
with the same disparity conﬁguration as the ﬁrst one,
as shown in Fig. 3b. The only diﬀerence between the ﬁrst
and the second stereogram was the line orientation. The
line orientation was 30deg in a clockwise direction from
the horizontal for the top-left and bottom-right patches
or in a counter-clockwise direction for the top-right and
bottom-left patches. In the second stereogram, 21 out of
24 observers reported the ‘‘all-closer’’ perception. The
results again showed that the perceived depth in each
quadrant tended to indicate its sign in accordance with
the vergence hypothesis. However, if the eﬀect was
caused by a global vertical shift, the signs of the per-
ceived depth should not have been the same because
the line orientations were opposite between the quad-
rants. It seems, therefore, that the present stereo eﬀect
is determined in local regions in the visual ﬁeld at the
same time.
Some reasons why the eﬀect could not be seen by
some observers may be the anaglyph method, i.e., bino-
cular rivalry, low contrast and cross talk between the
two eye images. It is also possible that the vertical
disparity was larger than the fusion limit at the viewing
distance where the observer stood.
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Fig. 3. The free-view versions of the demonstration ﬁgures. These ﬁgures were originally presented with the anaglyph method at ARVO 2001. When
one fuses them, (a) upper-right and bottom-left line groups tend to look closer and other line groups tend to look farther, and (b) all the line groups
tend to look closer.
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not have produced the present eﬀect. For example, if the
right-eye image in Fig. 3b rotated around the ﬁxation in
a clockwise direction relative to the left-eye image, an
uncrossed disparity arose for oblique lines in the top-
right and top-left patches, while crossed disparity arose
for those in the bottom-right and bottom-left quadrants.
This induced disparity would not be compensated for by
the human stereo system (van Ee & van Dam, 2003).
Therefore, cyclovergence would have produced opposite
depth signs between the top and bottom quadrants. For
the same reason, cyclovergence would also have pro-
duced an opposite depth between the lines in the top-
right and bottom-left quadrants in Fig. 3a. Clearly these
predications are incorrect.
It is also noteworthy that the majority of the observ-
ers reported an opposite depth for top-left and bottom-right lines between the ﬁrst and second stereograms
(Fig. 3a and b), even though the whole disparity conﬁg-
uration was the same for the two stereograms. The only
diﬀerence was the line orientation. Therefore, combina-
tions of the signs of the vertical dot disparity and the line
orientations, not the vertical disparity sign itself, deter-
mined the perceived depth sign. Although this combina-
tion eﬀect can be expected from the vergence hypothesis
in Fig. 2, the eﬀect seems to arise locally and in parallel.
It did not originate from eye-movements that produced
a global shift or rotation of the retinal images.3. Experiment 1
A brief presentation method was used in the experi-
ment to investigate whether the illusion arose even under
Depth Judgment Task 
No Lines
No Dot Disparity
Dot- or Line-Disparity 
No Fixation Cross
No Lines
No Dot Disparity
1,000 ms
667 ms
67, 100 or 167 ms 
Fig. 4. A sample trial sequence in Experiment 1. See details in Section
3.1.
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Experiment 1 examined the existence of the depth eﬀect
qualitatively, that is, whether or not the perceived depth
sign was varied with the combination of line orienta-
tions and signs of the vertical dot disparity as noted
above. Perceived depth positions of oblique lines with-
out a disparity were tested, by varying the line orienta-
tion and the sign of vertical dot disparity (dot-disparity
condition). It was predicted from the Demonstration
noted above that the perceived relative depth position
of the lines (closer or farther than the ﬁxation cross)
would depend on the combination of line orientations
and signs of vertical dot disparity. As a control, there
was a line-disparity condition, consisting of lines with a
horizontal disparity (crossed or uncrossed) and dots
without a disparity.
3.1. Method
3.1.1. Subjects
Two observers participated. One of them was the
author. They were highly experienced in depth judgment
tasks.
3.1.2. Apparatus and stimuli
Stimulus displays were created by a computer
(SHARP, PC-PJ-X3) and displayed on a CRT monitor
(EIZO, Flex Scan T561). The display screen was 1024
pixels wide · 768 pixels high. All the stimuli were dis-
played within a circular window for each eye, whose
diameter was 11.3deg in visual angle. The stimuli con-
sisted of oblique lines and sparse dynamic random dots.
The luminance of the lines, dots and region outside the
circular window was 10cdm2 and the background
luminance (inside the window) was 0cdm2. Oblique
lines were plotted with a horizontal interval of 1.8deg.
The end points of the lines were ambiguous. Since the
luminance of the lines and that of the region outside
the window were the same, there was no discontinuation
of the lines at the edge of the window. The number of
dots was 200 and their positions were randomly re-
freshed at 30times/sec. The size of a dot was 3.4arcmin
horizontally and vertically. Subjects viewed the display
stereoscopically using a prism stereoscope.
3.1.3. Procedure
The experimental trial sequence in the ﬁrst experi-
ment was as follows (see also Fig. 4); ﬁrst, dynamic dots
without a binocular disparity and a ﬁxation cross were
presented for 1000ms within a circular window whose
edge had no disparity. Second, under dot-disparity con-
ditions, oblique lines without disparity and dynamic dots
with vertical disparity were presented for 67, 100
or 167ms without the cross. The dots had a vertical dis-
parity of 3.4arcmin in a positive or negative direction.
Under line-disparity conditions, lines with a horizontaldisparity (3.4arcmin in a crossed or uncrossed direction)
and dynamic dots without a disparity were presented.
The line orientation was 45deg or 135deg from the hor-
izontal, i.e., either top-right to bottom-left or top-left to
bottom-right orientation, for both disparity conditions.
The two conditions produced similar depth perception
as shown in Fig. 1 and were diﬃcult for subjects to dis-
tinguish from each other. The third part was the same as
the ﬁrst part of the stimulus presentation, lasting 667ms.
There was no time interval between them. Subjects
responded whether the lines were seen at a closer or far-
ther depth position, compared with the cross. If vertical
disparity of the dots had no eﬀect on perceived depth of
the lines, the percentage of ‘‘closer’’ judgments under
dot-disparity conditions would be around 50. Under
each duration condition, trials under other combina-
tions of conditions were run in a random order. In total,
60 trials for each combined condition were given to each
subject.
3.2. Results
The results are shown in Fig. 5. Although there was
no retinal disparity for the line images under dot-dispar-
ity conditions, their perceived depth positions systemati-
cally changed, depending on the combination of line
orientations and vertical disparity signs as shown in
the above described demonstration. This trend is still
clear under the 67ms-duration condition. On the other
hand, under line-disparity conditions, only the horizontal
disparity sign determined the perceived depth position,
irrespective of the line orientation. From a qualitative
point of view, the depth eﬀect seems to clearly exist even
under conditions of brief presentation.4. Experiment 2
Experiment 1 qualitatively showed the existence of
the depth eﬀect. However, the results only reﬂected an
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Fig. 5. Percent of ‘‘closer’’ responses in Experiment 1. When lines had real crossed or uncrossed disparity, the perceived depth position depended on
the disparity direction irrespective of line orientation. When lines had no disparity and dots had a vertical disparity, the perceived depth of the lines
depended on the combination of a line orientation and a vertical-disparity direction. The eﬀect of vertical dot disparity on perceived line depth seems
smaller than that of the real horizontal line disparity for T.K., but robustly exists even under the 67ms duration condition. Vertical lines in the ﬁgure
indicate 95% conﬁdence intervals.
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Line-Disparity Display
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(“Test Stimulus ”)
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No Dot Disparity
1,000 ms
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667 ms Depth Judgment 
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Fig. 6. A sample trial sequence in Experiment 2. See details in Section
4.1.
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addition, because the acquired results showed saturation
even under the 67ms condition, the eﬀect of presenta-
tion durations was not clearly shown. The purpose of
Experiment 2 was to quantitatively conﬁrm the existence
of the depth eﬀect under those conditions. Experiment 2
measured the amount of perceived depth induced by
vertical dot disparity when the lines appeared in front
of the ﬁxation plane, comparing it with the perceived
depth from crossed horizontal line disparity. Both depth
impressions were quite similar in quality as noted above.
4.1. Method
The method of constant stimuli was used. A sample
trial sequence (shown in Fig. 6) in the second experiment
was as follows. First, dots without disparity were pre-
sented for 1000ms with a ﬁxation cross. Then, a dot-dis-
parity display, i.e., top-right to bottom-left 45-deg
oblique lines without a disparity and dots with a vertical
disparity (10.2arcmin), was presented for 67, 100, 133 or
167ms as a ‘‘test’’ stimulus. After an interval (the cross
and dots without disparity were presented for 667ms), aline-disparity display, as a ‘‘standard stimulus’’, was pre-
sented for the same duration as the dot-disparity dis-
play. In the line-disparity display, oblique lines had a
crossed horizontal disparity (0, 1.7, 3.4, 5.1, 6.8, 8.5 or
10.2arcmin), while the dots had no disparity. After this,
H. Ito / Vision Research 45 (2005) 931–942 937the cross and dots without disparity were presented
again (667ms). The order of dot- and line-disparity dis-
plays was at random. The subjects judged whether the
second presented stimulus was closer or farther than
the ﬁrst one. Under each duration condition, trials with
other combinations of conditions were run in a random
order. In total, 50 trials were given for each combination
of conditions.
4.2. Results and discussion
Fig. 7 shows the psychometric functions obtained
from the two subjects. The percentages of ‘‘test closer’’
responses were ﬁtted with logistic functions (R2 =
0.988–0.998) to acquire horizontal-disparity values of
‘‘standard’’ stimuli when ‘‘closer’’ responses were 50%,
indicating subjective equality between the depth from
the vertical dot disparity and the depth from the hori-
zontal line disparity. As shown in Fig. 7, the perceived
depth from the vertical dot disparity, measured as a
matched horizontal line disparity, slightly increased
when the stimulus duration increased. However, even
under the 67ms (i.e., the shortest) duration condition,
the depth eﬀect was almost as convincing as that underFig. 7. Results from Experiment 2. When the horizontal line disparity in a ‘‘s
were high. The amount of horizontal line disparity matched with the vertic
responses through ﬁtting of logistic functions. As presentation duration incre
eﬀect is still clear even under the 67ms duration conditions. Vertical lines inthe other duration conditions from a quantitative point
of view.
Both Experiments 1 and 2 show that eye movements
are not necessary to cause the eﬀect. It is also shown that
the eﬀect includes not only a depth-order illusion but a
measurable depth quantity. The existence of the eﬀect
under the brief presentation conditions suggests that
the eﬀect originates at a very early stage of stereo
processing.5. Experiment 3
Through the demonstration and the two experiments,
the vergence hypothesis was rejected. However, the re-
sults show that the sign of the perceived depth of the ef-
fect was locally consistent with a prediction from the
vergence hypothesis. As a working hypothesis, now I as-
sume that the visual system has a function which locally
compensates for the vertical misalignment of the both-
eye images just like vertical vergence (this is called the
shift-and-match hypothesis). It is also possible to con-
sider this hypothetical shift as a result of vertical dispar-
ity contrast between that of the dots and lines.tandard’’ stimulus was small, the percentages of ‘‘test-closer’’ responses
al dot disparity (10.2arcmin) was determined at 50% of ‘‘test-closer’’
ased, the perceived depth slightly increased. However, as in Fig. 5, the
the ﬁgure indicate 95% conﬁdence intervals.
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have the relative vertical disparity in the opposite sign.
Here I measure two more characteristics of the stereo
eﬀect, that concern the shift-and-match hypothesis. In
the present experiment, I investigate an eﬀect of line
orientations. In Experiment 4, additivity between hori-
zontal line disparity and the hypothetically induced dis-
parity is tested.
van Ee and Schor (2000) showed that matching of
disparate oblique lines would occur in the oblique direc-
tion, i.e., somewhere between the horizontal and a
nearest neighbor direction. According to Fig. 2, if the in-
duced vertical disparity were constant, more horizontal
lines would get more horizontal disparity components
in horizontal matching. In 45deg line orientation, the
horizontal disparity component should be equal to a
vertical shift in its amount when the matching direction
is horizontal. On the other hand, nearest neighbor
matching predicts that the induced horizontal compo-
nent would be at a maximum when the line orientation
is 45deg from the horizontal. When the line orientation
is 45deg, the amount of the induced horizontal disparity
component in the nearest neighbor matching is esti-Fig. 8. Results from Experiment 3. As the line orientation got more horizonta
(curves in the ﬁgure) ﬁts the data well. Vertical lines did not show the depthmated at a half of the amount of the induced vertical line
disparity. Both oblique lines in 30deg and 60 deg orien-
tations would have 87% of the maximum horizontal dis-
parity component.
As shown in Fig. 7, the results from Experiment 2
showed that the matched horizontal disparity under
each condition was not equal to the presented vertical
disparity of the dots (10.2arcmin) but around a half of
that. This may indicate that the matching direction after
a vertical shift was around the nearest-match direction.
However, it is possible that the amount of the vertical
shift was a half of the presented vertical disparity while
the matching direction was horizontal. In addition, the
matched horizontal disparity of the standard stimuli as-
sumed that the matching direction in the standard stim-
uli was horizontal, even though their orientation was
45deg from the horizontal. If the matching direction
in the standard stimuli had been oblique, the amount
of actually perceived depth of the test stimuli would
have been less than that imagined from the described
horizontal disparity values. To investigate the matching
direction of hypothetically shifted lines, perceived depth
was measured by varying the line orientation. The stan-l, the matched horizontal disparity became larger. A 1/tangent function
eﬀect. Vertical lines in the ﬁgure indicate 95% conﬁdence intervals.
Fig. 9. The orientation eﬀect of the oblique lines. The line orientation in the ﬁgure is 15, 30, 45, 60 or 90deg in a clockwise or counter clockwise
direction from the horizontal. The stereogram is available for both a crossed-eye and an uncrossed-eye (parallel-eye) method. When fused with a
crossed-eye method, lines in the left side may be seen farther in depth and in the right side, closer in depth. When fused with an uncrossed-eye
method, the opposite depth may be perceived. The lines do not have any disparity. The dots in the upper (lower) ﬁeld have a negative (positive)
vertical disparity with a crossed-eye method.
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disparity of the standard stimuli could be unambigu-
ously deﬁned.
5.1. Method
Experiment 3 measured the eﬀect of line orientations
on perceived depth, through the same procedure as used
in the second experiment. The test lines were varied in
orientations (30, 45, 60 or 90deg from the horizontal).
The duration was 167ms. The subjects, apparatus, and
experimental procedure were the same as in the second
experiment. The standard lines were always vertical as
noted above.
5.2. Results
The results are shown in Fig. 8. Logistic functions
well ﬁtted the data from each orientation condition for
each subject (R2 = 0.969–0.997). It is clear that the depth
impression caused by constant vertical dot disparity
monotonically increased as the line orientation became
more horizontal. Fig. 8 shows the matched horizontal
disparity as a function of the line orientation. The data
well ﬁt a 1/tangent function. The depth eﬀect under the
30deg orientation condition was much larger than that
under the 45deg orientation condition. This result sup-
ports horizontal matching rather than nearest neighbor
matching. When lines in the test stimulus were vertical,
little eﬀect was found. This can be seen in Fig. 9.6. Experiment 4
Here I examined whether or not the depth from ver-
tical dot disparity and the depth from horizontal line
disparity were additive (or subtractive), using the same
procedure as in Experiment 1. The additivity can be eas-
ily imagined from Fig. 2. under the vergence hypothesis.However, if the vergence hypothesis and the shift-and-
match hypothesis worked in a similar way, the latter
would also show the additivity.
6.1. Method
The horizontal line disparity was 3.4, 1.7 or 0arcmin
in an uncrossed direction. Horizontal line disparity in an
uncrossed direction caused a ‘‘far’’ impression when
there was no vertical dot disparity. Vertical dot disparity
also varied from 3.4arcmin in the positive direction to
10.4arcmin in the negative direction in 1.7arcmin steps.
Subjects responded the perceived depth position with
the same method as in Experiment 1. The line orienta-
tion was ﬁxed at 45deg.
6.2. Results
Fig. 10 shows the results. Logistic functions well
ﬁtted the data from each horizontal line disparity condi-
tion for each subject (R2 = 0.975–1.000). The parallel
horizontal shift of the acquired data curves, according
with the horizontal line disparity, indicates that both
depth eﬀects are additive. When horizontal line dispar-
ity was zero, the sign of perceived depth depended on
the sign of the vertical dot disparity. When horizon-
tal line disparity was 3.4 or 1.7arcmin in an uncrossed
direction with zero vertical dot disparity, the lines
were seen farther than the cross in almost all trials.
However, when superimposed vertical dot disparity
was large in a negative direction, lines were seen as clo-
ser than the cross, i.e., the depth eﬀect from vertical dot
disparity overcame depth from the horizontal line
disparity.
A possible explanation based on the shift-and-match
hypothesis is that when the vertical line shift is greater
than the uncrossed horizontal line disparity, the lines
positional order reverses, resulting in the production
of crossed horizontal line disparity.
Fig. 10. Results from Experiment 4. The additivity between horizontal
line disparity and the depth eﬀect by vertical dot disparity is shown.
Oblique lines even with uncrossed horizontal disparity (1.7 and
3.4arcmin) appeared closer in depth when the overlaid vertical dot
disparity was large. Vertical lines in the ﬁgure indicate 95% conﬁdence
intervals.
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Fig. 11. The stereo-capture hypothesis for the illusory depth. The
stereo system will modify the matching points along the oblique lines
to match the surrounding vertical disparity of the dots. The oblique
matching along the line induces virtual oblique disparity that includes
induced vertical and horizontal disparity components (IVD and IHD).
The right panel shows how the perceived depth sign of oblique lines
with uncrossed disparity could be reversed by the negative vertical dot
disparity (as in Experiment 4). Note that the IHD is a crossed
horizontal disparity component, even though the horizontal line
disparity is originally uncrossed. The matching direction in the right
panel does not lie between the horizontal and the nearest neighbor
directions.
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Through the demonstration and the experiments, it
was shown that oblique lines without retinal disparity
are seen in depth when dots are overlaid with vertical
disparity. This stereo illusion arises even when vertical
vergence or cyclovergence does not occur, i.e., under
parallel or brief stimulus presentation conditions.
The present experiments used presentation durations
from 67 to 167ms, including durations below a latency
of vertical vergence (Duwaer & van den Brink, 1981;
Howard, Allison, & Zacher, 1997; Kertesz, 1981; Niel-
sen & Poggio, 1984; Stevenson & Schor, 1997; Westhei-
mer & Mitchell, 1956). As far as I know the shortest
latency of vergence eye movement ever reported is about
80ms (Busettini, Fitzgibbon, & Miles, 2001). Since a
67ms presentation may be suﬃciently brief to prevent
vertical vergence, it seems diﬃcult to attribute the exper-
imental results to it.
Assuming that our brain could shift the images verti-
cally to cancel or compensate for vertical disparity with-
out vertical vergence, the shift-and-match hypothesis
could explain the results from all the experiments. Since
vertical vergence is usually based on the detected verticaldisparity and occurs to horizontally align images to be
matched, it is possible that detecting vertical disparity
precedes horizontal matching. However, an image shift
mechanism without vertical vergence is not known at
present.
Alternatively, it is possible that the illusory depth of
the lines is due to modifying a stereo matching direction
of the lines along the oblique direction, even though the
retinal images for both eyes are completely the same
(stereo-capture hypothesis, see Fig. 11). The stereo
matching direction between the oblique lines with dis-
parity is ambiguous by nature, known as the aperture
problem in stereopsis (Ito, 2003; Morgan & Castet,
1997; van Ee & Schor, 2000). In the case of lines without
disparity, the matching points are ambiguous along the
lines. When the stereo system fuses vertically misaligned
images (i.e., dots) within the fusion limit (Duwaer & van
den Brink, 1981; Stevenson & Schor, 1997), their neigh-
bors (i.e., lines) may be expected to have a vertical dis-
parity in the same way. That is, the visual system may
favor vertically shifted matching points also for the lines
to keep the smooth vertical disparity distribution.
Detection of vertical disparity may prompt and rein-
force the same vertical disparity detection in the neigh-
bors. It is possible that matching points of oblique
lines are modiﬁed to adjust the vertical disparity with
the surroundings with a sacriﬁce of producing a new
horizontal disparity component. This is considered as
a kind of stereo capture (Kham & Blake, 2000; Rama-
chandran & Cavanagh, 1985) in vertical disparity. This
will eﬀectively shift the matching points for the lines
along themselves, resulting in induction of a new eﬀec-
tive disparity in the oblique direction, which could pro-
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parity components. This hypothesis may explain the re-
sults shown in Demonstration and Experiments 1 and 2.
This explanation can also explain the eﬀect of the line
orientation shown in Experiment 3 and perceived depth
additivity shown in Experiment 4 (see Fig. 11). Addi-
tionally, this explanation does not assume the existence
of new brain mechanisms. It only needs an extension of
the aperture problem in stereopsis to zero disparity ob-
lique lines and an extension of stereo capture to a verti-
cal dimension.
The pooling of vertical disparity (Kaneko & Howard,
1997; Stenton, Frisby, & Mayhew, 1984) seems to be a
relevant concept of processing in terms of smoothing
the vertical disparity distribution. As for the horizontal
disparity, the visual system directly utilizes the local irreg-
ularity for precise binocular depth perception although
vertical disparity could also arise irregularly (e.g., in par-
tially occluded surfaces Farell, 1998).This may be the rea-
son why horizontally disparate dots do not capture the
horizontal disparity component of oblique lines (see
Fig. 1), whereas vertically disparate dots do.
Unfortunately, the present data do not show which
strategy is more plausible, the shift-and-match hypothe-
sis or the stereo-capture hypothesis. The key to decide
between the two possibilities may be the vertical dispar-
ity sign of the lines. The vertical disparity sign is the
same between the dots and lines in the stereo-capture
hypothesis, whereas the shift-and-match explanation
hypothesized the opposite vertical disparity signs be-
tween them. However, as we can not tell the vertical dis-
parity sign of the lines, the two explanations are not
distinguishable from the results here. Research with a
new method seems necessary to solve the matter.
One may argue that the present eﬀect is a depth con-
trast between perceived depth positions of the dots and
the lines. The dots could be perceived in depth, e.g., be-
cause of the ‘‘induced eﬀect’’ (Ogle, 1938, 1950). The rel-
ative depth between the dots and the lines could be
attributed to the depth of the lines. However, there are
some reasons to deny the explanation. One is the line-
orientation dependency of the present eﬀect. The same
vertically disparate dots could produce either a near or
far depth impression of the lines depending on the line
orientation. Another reason is that horizontally dispa-
rate dots cannot produce the depth eﬀect on the lines
although the dots are perceived in depth. It is diﬃcult
to explain the present eﬀect from the point of perceived
relative depth between the dots and the lines.
Finally, from a point of methodology, the present ef-
fect can be a useful (and simple) tool to investigate ver-
tical-disparity processing in the visual system. Depth
eﬀects by vertical disparity are usually diﬃcult to ob-
serve phenomenally. However, the present depth eﬀect
clearly indicates that even when there is not an explicit
depth impression by vertical disparity (as in the dotsin this paper), vertical disparity is actually measured,
not just tolerated.Acknowledgments
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